The reaction chemistry in the afterglow of a non-equilibrium, capacitive discharge, operated at 600 Torr total pressure with (0.5 to 5.0) × 10 17 cm -3 of oxygen in helium, has been examined by ultraviolet absorption spectroscopy, optical emission spectroscopy, and numerical modeling. The densities of the active species,
I. Introduction
Oxygen plasmas, containing 1-10 Torr of O 2 , are widely used for ashing photoresist films on semiconductor wafers. [1] [2] [3] In this process, the substrate is placed downstream of the region of gas excitation, since it is undesirable for ions to bombard the substrate and potentially damage the thin dielectric layers. Although the afterglow region of oxygen plasmas has been studied for a long time, [4] [5] [6] [7] there are still many uncertainties with regard to the reaction chemistry, particularly how the distribution of reactive oxygen species affects materials processes carried out downstream. Today, complex photoresists are being developed to transfer smaller and smaller patterns onto semiconductor surfaces. 8 This requires that the plasma chemistry be fine-tuned to selectively etch the material without attacking and undercutting any of the underlying films. A thorough knowledge of the reaction chemistry would greatly assist in the achievement of this goal.
Recently, we have developed a plasma source that operates at atmospheric pressure and neutral temperatures between 100 and 200°C. [9] [10] [11] [12] A stable, homogeneous, arc-less gas discharge was created by flowing gas composed primarily of helium between two closely spaced metal electrodes driven with RF power at 13.56 MHz. Addition of 1 to 10 Torr of oxygen to the gas feed yielded a high concentration of reactive species that was capable of etching polyimide and other organic films at rates in excess of 10 µm/min. 9, 10 In this regard, our source was similar to a pure oxygen discharge operated at 1 to 10 Torr total pressure. However, an atmospheric-pressure plasma can offer several advantages over a low-pressure plasma, such as reduced ion damage.
In this paper, we have characterized the afterglow of an atmospheric-pressure oxygen plasma using time-resolved ultraviolet absorption and optical emission spectroscopy, and numerical modeling of the reaction kinetics. This approach provides a new method for determining the concentration of ground-state oxygen atoms in a downstream plasma process. Ten microseconds after turning off the RF power, the reaction mechanism may be adequately described with six species: ground-state O 2 , ground-state He, ground-state O atoms ( 3 P), metastable molecular O 2 ( 1 ∆ g and 1 Σ g + ), and ozone. The dependence of the latter four reactive species on the plasma operating conditions has been determined. These results are important for understanding how atmospheric-pressure plasmas may be utilized in semiconductor processing, e.g., for the ashing of photoresist films.
II. Experimental Methods
Apparatus. A schematic of the plasma source used in this study is presented in Figure 1 . It consisted of two parallel-plate electrodes made of aluminum, and separated by a gap 1.6 mm in height. The lower electrode was 10.2 cm wide by 5.5 cm long and was driven by RF power at 13.56 MHz, while the upper electrode was 10.2 cm wide by 20.4 cm long and was grounded. Just downstream of the lower electrode was an aluminum oxide plate, 10.2 × 10.2 cm 2 , which avoided any disturbance of the gas flow in the afterglow region. The sides of the duct parallel to the flow direction were sealed with quartz windows so that spectroscopic measurements of the gas could be made. A slit was placed across the flow path upstream of the plasma to provide for a uniform flow velocity across the duct. The neutral gas temperature was recorded as a function of the process conditions with an ungrounded thermocouple, 0.8 mm in diameter. To make the measurement, it was momentarily inserted into the gas flow just 5 mm downstream of the powered electrode.
The plasma was operated with helium and oxygen gas mixtures at 600 Torr total pressure (ambient conditions at Los Alamos National Laboratory), and a flow velocity of 5.2 m/s (at 25°C and 600 Torr). This corresponds to a Reynold's number of 22.4, which is well within the laminar-flow regime. The oxygen partial pressure in the plasma was varied from 1.0 to 15.0 Torr, while holding the RF power constant at 400 W (24.4 W/cm 3 ) and the gas temperature at 120°C. Conversely, the RF power was varied from 100 to 500 W (6.1 to 30.5 W/cm 3 ), while keeping the oxygen partial pressure at 6.0 Torr. The gas temperature depended on the applied power, increasing from 50°C at 100 W to 140°C at 500 W.
Ozone. Ultraviolet absorption spectroscopy was used to acquire the ozone concentration in the plasma and the downstream afterglow as a function of the process conditions. A schematic of the optical setup is shown in Figure 2 a. A mercury/ argon lamp was mounted on one side of the plasma, while a quartz fiber-optic bundle was placed on the other side. Pinholes, approximately 1 mm in diameter, were placed in front of the lamp and the bundle to eliminate any stray light. Light passed through the fiber-optic bundle into a monochromator, and then was detected by either a UV-enhanced, charged-coupled device (CCD), or a photomultiplier tube (PMT). The monochromator had a focal length of 640 mm, a slit width of 150 µm, and a grating with 2400 grooves/mm. The average absolute concentration of the ozone in the plasma was calculated from the reduction in the Hg I emission intensity at 253.7 nm. It is noted that the absorption cross-section of O 3 at this wavelength, 1.16 × 10 -17 cm 2 , is much larger than the absorption cross-section of the weak Herzberg continuum of O 2 , < 1 × 10 -23 cm 2 . [13] [14] [15] The concentration of ozone was obtained either as a function of axial position during discharge operation, or as a function of time after extinguishing the plasma. For spatially resolved measurements, the intensity of the line at 253.7 nm was recorded with the CCD, and a spatial resolution of 3 mm was achieved. For temporally resolved measurements, the light intensity was recorded with the PMT to provide a fast response. The rise time of the photomultiplier tube was 2.3 ns, and the response time of the circuit was 1 µs. The signal was then digitized at 500 kHz to provide a time resolution of 2 µs, while the accuracy of the triggering was better than 1 µs. Transient signals collected this way were average over 16 traces. The discharge was pulsed at 0.5 Hz with a 50% duty cycle for the afterglow experiments. This ensured that steady state was achieved prior to plasma extinction.
Singlet-Sigma Metastable Oxygen. Optical emission spectroscopy was used to record the concentration of singlet-sigma metastable oxygen, O 2 ( 1 Σ g + ), and the R and P branches are centered at 759.9 and 764.5 nm. The same optical setup was used in this case as shown in Figure 2a , except that a slit, 0.1 mm × 0.086 mm, was substituted for the pinhole in front of the fiber-optic bundle. The emission intensity recorded by the monochromator and CCD detector in this region of the spectrum was calibrated with a NIST-traceable, standard tungsten lamp.
The integrated intensity, I
h, measured by the spectrometer from 757 to 773 nm is given by where I is the signal intensity recorded, λ is the wavelength (nm), k is the spectrometer calibration constant (nm s/photon), F is the photon flux of the lamp, 2.78 × 10 17 photons mm 2 s -1 , S is the solid angle viewed through the slit, and A is the area (mm 2 ) of the lamp sampled.
The integrated intensity of the light emitted by the metastable oxygen is where R Σ is the rate of photon emission of the 1 Σ g + state (photons mm -1 s -1 ), and V is the volume (mm 3 ) of the plasma sampled. The rate of photon emission for the transition 
The value used for the Einstein A-coefficient is 0.085 s -1 , and corresponds to a 0 to 0 vibrational transition. 16 Higher vibrational levels are not considered, because the neutral temperature of the plasma is about 373 K, whereas the equivalent energy of the first vibrational state is more than 2000 K. 16 The spectrometer calibration constant is obtained from eq 1, then used in eq 2 to determine the emission rate, R Σ , from the integrated intensity of the bands. Finally, the concentration of 1 Σ g + O 2 is obtained from eq 3. Transient measurements of the singlet-sigma metastable emission were also obtained using the pulsed plasma as described above. The standard deviations in these experiments are within 50%.
Singlet-Delta Metastable Oxygen. Singlet-delta metastable oxygen, O 2 ( 1 ∆ g ), emits in the infrared between 1.2 and 1.3 µm. 16, 17 To record this spectrum, a liquid nitrogen cooled InGaAs detector was employed with the monochromator using a 600 groove/mm grating blazed at 1.5 µm and a slit width of 400 µm. To increase the collection efficiency of the weak singlet-delta emission, the fiber-optic bundle was replaced with a lens assembly. Shown in Figure 3 is a spectrum recorded of the plasma while RF power was being applied to the electrodes. Peaks at 1246, 1257, and 1316 nm are observed due to emission from oxygen atoms. The Q branch of the metastable spectrum is barely visible above the continuum at 1269 nm.
To eliminate the background, a lock-in amplifier was utilized with an optical chopper, which was mounted in front of the lens as indicated in Figure 2b , and run at 50 and 100 Hz. The RF power supply was pulsed by the trigger signal with a duty factor of 45%. By adjusting the delay between the chopper and the RF power supply, only the light emitted during the afterglow was allowed to enter the spectrometer. The signal from the InGaAs detector was passed through a lock-in amplifier and on to an A/D converter and the computer for data acquisition. The signal varied as the monochromator swept through the wavelengths, thereby producing the singlet-delta spectrum shown in the lower half of Figure 3 . Clearly visible are the P, Q, and R branches at 1264, 1269, and 1274 nm. The spectral resolution was 0.5 nm.
The singlet-delta emission, O 2 (a 1 ∆ g ) to O 2 (X 3 Σ g -) is very weak, a hundred times less intense than the singlet-sigma emission, O 2 
This makes calibration directly from the mercury/argon lamp difficult. An alternative solution that we employed was to bridge the intensity range between the lamp and the singlet-delta signal using the moderately intense helium line at 1083 nm. Using eqs 1-3 above, but with the Einstein coefficient for the delta state, 2.58 × 10 -4 s -1 , 16 the concentration of O 2 (a 1 ∆ g ) was obtained for one operating condition of 400 W RF power and 6 Torr of oxygen. This measurement provided a calibration factor (concentration/signal intensity) that could be used for other process conditions, where the signal was recorded as described below.
To determine the concentration of singlet-delta oxygen at other conditions, the signal intensity of the Q branch at 1269 nm was collected using the chopper arrangement depicted in Figure 2b . The detector signal decayed after the RF power pulse due to the reaction of O 2 (a 1 ∆ g ) with O 3 . The rate of this reaction is given by 6.01 18 Since the concentration of ozone is known as a function of the process conditions from the UV absorption measurements, a mass balance for O 2 (a 1 ∆ g ) can be solved to yield a relationship between the initial concentration of O 2 (a 1 ∆ g ) and the integral of the concentration dependence on time. The latter integral is proportional to the signal generated by the lock-in amplifier. Therefore, by using the known concentration of singlet-delta oxygen measured at 400 W and 6 Torr of O 2 , the concentration at any other plasma condition can be obtained from the mass balance and the signal recorded from the lock-in amplifier. The uncertainty in this measurement is estimated to be within (50% of the reported value.
III. Model
A numerical model has been developed to simulate the chemical kinetics that occurs after the RF power has been turned off for periods of time greater than 10 µs. After this short time has elapsed, one can neglect the influence of the charged species and the metastable states of helium and oxygen atoms on the reaction chemistry. In this case, the only species that need to be included in the kinetic model are ground-state O 2 , O 3 , He, and O atoms, and the two forms of metastable O 2 , a 1 ∆ g and b 1 Σ g + . This assumption is justified on the basis of calculations of the lifetimes of the charged particles and the metastable atoms. The recombination coefficient for ions and electrons at atmospheric pressure is approximately 10 -6 cm 3 /s, 19 yielding a charged particle density of only 10 11 cm -3 after 10 µs. This value is well below the concentrations of the reactive neutral species, which are in the range of 10 15 cm -3 (see below).
With 22 and an ozone concentration of 2 × 10 15 cm -3 , the lifetime of this metastable state is less than 1 µs.
The transient material balance for each of the six species considered in the model is where [X] is the concentration of species X, and R i is the rate of reaction i that either produces or consumes X. The reactions employed and the corresponding kinetic constants are presented in Table 1 . A thermal energy balance was not required, because the system may be assumed to be isothermal. A maximum adiabatic temperature rise of 0.1°C was calculated. The set of five coupled, first-order differential equations were solved by the Runge-Kutta method using a Fortran program. The concentrations of all the species, except the ground-state oxygen atoms, were known at the initial condition, t ) 10 µs. The latter concentration was obtained by trial and error: different values were input to the model until a best fit was obtained to the measured concentration profiles for O 2 ( 1 Σ g + ) and O 3 . The rate constants obtained from the literature were used without modification. Figure 4 are axial concentration profiles for ozone at different inlet pressures of oxygen. The plasma is observed over the RF electrode, which extends for 55.0 mm in the axial flow direction. For O 2 pressures below 10 Torr, the ozone concentration reaches a steady-state value 10 mm past the leading edge of the powered electrode. At 11.4 and 15.2 Torr of O 2 , steady state is achieved at a distance of 30 mm. A similar behavior is observed for the singlet-sigma metastable oxygen emission. It should be noted that time-resolved measurements of the afterglow taken in the pulsed-plasma mode were acquired with the beam path directed across the duct at an axial distance of 45 mm. Table 1) , and is an approximate measure of the O atom concentration in the plasma, ∼6 × 10 15 cm -3 .
IV. Results and Discussion

Concentration of the Reactive Species. Shown in
Presented in Figure 5 is the evolution of the oxygen atoms, metastable oxygen molecules, and ozone with time after turning off the power to the electrode. The curves are the concentrations predicted from the numerical model, whereas the symbols are the experimental data. Excellent agreement is achieved between the theory and the experiment, without any adjustment to the rate constants. At time t ) 10 µs after the RF power is shut off, the concentrations of the five oxygen species are 1.3 × 10 17 cm -3 ground-state O 2 , 6.0 × 10 15 cm -3 O atoms, 5.0 × 10 15 cm -3 O 2 ( 1 ∆ g ), 1.0 × 10 15 cm -3 O 2 ( 1 Σ g + ), and 2.5 × 10 15 cm -3 O 3 . Assuming the concentrations of the neutral species are continuous from the on-to the off-state, these results indicate that the plasma converts 2% and 3.5% of the oxygen fed into O atoms and singlet-delta metastable O 2 molecules, respectively, at 6 Torr of O 2 and 24.4 W/cm 3 (400 W applied power).
After the discharge has been extinguished, the oxygen atoms rapidly recombine with oxygen molecules to produce ozone. The ozone concentration climbs to a constant value of 5 × 10 15 cm -3 after about 3 ms, and does not change further. Note that the half-life of ozone decaying via reaction R 4 is 200 s at 120°C
. After 3 ms, the concentration of oxygen atoms has declined to about 1.0 × 10 15 cm -3 . Thereafter, the amount of this species falls rapidly. The two metastable oxygen molecules, ( 1 ∆ g ) and ( 1 Σ g + ), exhibit dramatically different decay rates. The singletdelta state persists out to about 10 ms, whereas the singletsigma state is essentially extinguished by 500 µs. The consumption rate of both of these species is governed by their reaction with ozone, R 8 and R 14 , respectively. The ratio of the rate constants for these two reactions at 120°C is k 8 /k 14 ) 0.0038. In Figure 5 , distance is plotted on the upper x axis so that one can also examine how the reaction evolves as the gas travels downstream in the afterglow region. The linear velocity of the gas between the electrodes is 5.2 m/s, so that 1 mm equals 192 µs. It is interesting to note that the spatial resolution of the measurements was 3 mm. By contrast, the resolution obtained with the transient measurements was 2 µs, a 300-fold improvement. Inspection of the figure reveals that the concentration of oxygen atoms remains constant out to 1 mm, then drops by a factor of 3 on going from 1 to 10 mm. Since the O atoms are the most reactive species, and would be desired in many materials-processing applications, these results suggest that the substrate should be placed within 1 to 2 mm of the exit of the plasma.
Shown in Figure 6 is the effect of the RF power on the concentrations of O atoms, O 2 ( 1 ∆ g ), O 2 ( 1 Σ g + ), and O 3 , which are present 10 µs after the RF power has been turned off. Note that the neutral temperature in the plasma rises from 60°C at 100 W to 140°C at 500 W. The log-log plot shows that all the species increase with the RF power except for ozone. The slopes of the "best-fit" lines yield the following dependencies: Figure 7 is the effect of the oxygen partial pressure on the concentrations of O atoms, O 2 ( 1 ∆ g ), O 2 ( 1 Σ g + ), and O 3 , which are present 10 µs after the RF power has been turned off. Except for singlet-sigma metastable oxygen, the concentrations of the reactive species increase with the oxygen pressure throughout the range studied. The strongest dependence is seen for ozone, as expected because it requires two oxygen molecules to be produced. The dependencies on oxygen pressure obtained from the best-fit lines to the data are O ∝ P O2 0.6 , O 2 ( 1 ∆ g ) ∝ P O2 0.5 , O 2 ( 1 Σ g + ) ∝ P O2 -0.2 , and O 3 ∝ P O2 1.5 . Shibata et al. 30 have modeled the structure of an oxygen discharge in a parallel-plate reactor driven with 150 W RF power at 13.56 MHz and a total oxygen pressure of 0.5 Torr. They predict an average number density for oxygen atoms of ∼3 × 10 14 cm -3 . Extrapolating the data in Figures 6 and 7 to 0.5 Torr of O 2 and 150 W, yields a value of ∼5 × 10 14 cm -3 for our glow discharge source. This value is in good agreement with Shibata's work.
Analysis of the Reaction Kinetics. A series of simulations have been run to determine which reactions listed in Table 1 are kinetically significant. We have found that only seven are needed to describe the chemistry in the afterglow, R 1 , R 2 , R 3 , R 8 , R 11 , R 13 , and R 14 . The first three of these, R 1 , R 2 , and R 3 , consume oxygen atoms, and account for most of the ozone production. The fourth, R 8 , converts singlet-delta metastable oxygen molecules and ozone into ground-state oxygen atoms and molecules. The last three reactions, R 11 , R 13 , and R 14 , extinguish the singlet-sigma metastable oxygen molecules by collision with other species in the gas. As shown in Figure 5 , the collisional de-excitation of O 2 ( 1 Σ g + ) occurs rapidly within the first hundred microseconds. Since this molecule decays so fast and has a negligible influence on the other reactive species, the mechanism may be simplified further to include just reactions R 1 , R 2 , R 3 , and R 8 .
In an earlier study of the atmospheric-pressure plasma, we proposed that the afterglow could be modeled with only three reactions involving the consumption of O atoms and the production of ozone (R 1 , R 2 , and R 3 ). 10 In the present work, we have found that this mechanism must be modified to add in the effects of singlet-delta metastable oxygen. The plasma generates this molecule in about the same abundance as the oxygen atoms. The impact of O 2 ( 1 ∆ g ) on the concentrations of O atoms and O 3 in the afterglow is illustrated in Figure 8 . The long-lived metastable molecules become a source of oxygen atoms via reaction R 8 , so that the O atoms persist for a much This form of the rate constant only holds under the assumption that the other reactions involving O 2 ( 1 Σ g + ) are much smaller than its quenching rate with O 3 . In the afterglow, this is true for about 80 µs. At longer times, the energy pooling reaction, R 10 , is comparable in magnitude to R 14 . At 400 W and O 2 pressures varying from 1 to 12 Torr, an average value of k 14 has been calculated. In this case, the rate constant equals (1.1 ( 0.3) × 10 -11 cm 3 /s. This number is in good agreement with the value of 1.5 × 10 -11 cm 3 /s reported by Watson and coworkers. 29 Etching Polyimide Films. We have etched polyimide films with the parallel-plate device used in the present study. In this case, the film was placed on the aluminum oxide plate located just downstream of the plasma (Figure 1) . The etching rate of the polyimide at 225°C equals 4.2 µm/min at the leading edge adjacent to the plasma, but declines rapidly with distance to essentially 0.0 µm/min at 20 mm downstream. Perusal of Figure  5 reveals that the oxygen atoms are the only reactive species with a decay profile that is similar to the fall-off in the etching rate of the polyimide. These results substantiate our earlier conclusion that oxygen atoms are the principal active species in the etching of organic films with the atmospheric-pressure plasma. 10
V. Conclusions
The concentration of ground-state O atoms, metastable oxygen molecules, a 1 ∆ g and b 1 Σ g + , and ozone in the downstream region of an atmospheric-pressure oxygen and helium discharge has been determined by a combination of optical spectroscopy and numerical modeling of the reaction kinetics. 
